We have examined the extracellular phosphatases produced by the terrestrial green alga Chlamydomonas reinbardfii in response to phosphorus deprivation. Phosphorus-deprived cells increase extracellular alkaline phosphatase activity 300-fold relative to unstarved cells. The alkaline phosphatases are released into the medium by cell-wall-deficient strains and by wild-type cells after treatment with autolysin, indicating that they are localized to the periplasm. Anion-exchange chromatography and analysis by nondenaturing polyacrylamide gel electrophoresis revealed that there are two major inducible alkaline phosphatases. A calcium-dependent enzyme composed of 190-kD glycoprotein subunits accounts for 85 to 95% of the alkaline phosphatase activity. lhis phosphatase has optimal activity at pH 9.5 and a K,,, of 120 to 262 PM for all physiological substrates tested, with the exception of phytic acid, which it cleaved with a 50-fold lower efficiency. An enzyme with optimal activity at pH 9 and no requirement for divalent cations accounts for 2 to 10% of the alkaline phosphatase activity. This phosphatase was only able to efficiently hydrolyze arylphosphates. l h e information reported here, in conjunction with the results of previous studies, defines the complement of extracellular phosphatases produced by phosphorus-deprived Chlamydomonas cells.
phosphate ester bond. Organisms ranging from bacteria to higher plants synthesize extracellular phosphatases in response to low availability of free Pi, presumably to access otherwise nonmetabolizable organic phosphate resources (Torriani, 1960; Schmidt et al., 1963; Block and Grossman, 1988; Tadano et al., 1993 ). An understanding of the properties of these enzymes may help identify the types of organic phosphates that are available to different soil organisms and the role that these organisms play in facilitating the turnover of soil organic phosphates. Additionally, by studying the regulation of these phosphatases, we may elucidate the mechanisms by which photosynthetic organisms perceive and respond to changing levels of phosphorus in their environment.
Inducible phosphatases have been most intensively studied in Esckerickia coli and Sacckaromyces cerevisiae. In E. coli, an alkaline phosphatase with a broad substrate specificity is regulated by the extracellular phosphate concentration through the action of the phosphate transporter and a two-component regulatory system (Torriani, 1960; Torriani-Gorini, 1994) . In addition to the phosphatase, these same regulatory components control approximately 30 genes, a11 of which are involved in the acclimation response. Studies of other prokaryotes, including Bacillus subtilis and the cyanobacterium Syneckococcus, have revealed similar regulatory mechanisms (Aiba et al., 1993; Aiba and Mizuno, 1994; Hulett et al., 1994) . In the eukaryote S. cerevisiae, severa1 secreted acid phosphatases with broad substrate specificities are probably regulated by both intracellular and extracellular phosphate levels (Schmidt et al., 1963; Bostian et al., 1983) . The signal is transduced from an as yet unidentified sensor through proteins with sequence similarity to a cyclinl cyclindependent kinase pair to the transcription factor PH04 (Yoshida et al., 1987; Kaffman et al., 1994) .
We have little knowledge of the nature and regulation of inducible phosphatases in photosynthetic eukaryotes, despite the fact that phosphorus is an important and often limiting nutrient (Schlesinger, 1991) . Although many phosphate starvation-inducible phosphatases have been studied P h t Physiol. Vol. 1 1 1 , 1996 in higher plants (Duff et al., 1994) , only one from lupin has been localized to the rhizosphere, where it might act to access soil organic phosphate sources. The lupin enzyme has acid phosphatase activity and a monomeric molecular mass of 72 kD (Tadano et al., 1993) .
Chlamydomonas reinhardtii is a single-celled, soil-dwelling green alga and has become a well-developed model organism for both genetic and physiological experiments. Previous studies have demonstrated the existence of many phosphatases in this organism, although there are some discrepancies in the number and types of phosphatases that have been reported. Matagne and coworkers (Loppes and Matagne, 1973; Matagne et al., 1976) presented evidente indicating that there are two constitutive acid phosphatases, one inducible neutra1 phosphatase, and two inducible alkaline phosphatases, whereas Patni et al. (1977) argued for the existence of only one acid and one alkaline phosphatase. None of these phosphatases have been characterized with respect to polypeptide composition, substrate specificity, inhibitors, or cofactor requirements, making it difficult to compare the phosphatases observed in the different studies. In this report, we have used a cell-walldeficient strain of Chlamydomonas to identify, localize, and characterize the major periplasmic phosphate starvationinducible phosphatases.
MATERIALS A N D METHODS

Strains and Culture Conditions
Chlamydomonas strain CC425 (cw15, mt+) or CC125 (mt+) was grown to early logarithmic phase (1 x 106 to 3 x 106 cells/mL) in TAP medium, pH 7.2 (Gorman and Levine, 1965) , supplemented with 50 pg/mL Arg. Cultures were gently agitated in continuous illumination of 150 pmol photons m-* s-l at 27°C. To impose phosphate starvation conditions, cells were harvested by centrifugation (3000g, 5 min) and washed twice with TAP in which 1.5 mM potassium chloride was substituted for 1 mM potassium phosphate, pH 7.2 (TA). The washed cells were resuspended in TA plus 50 pg/mL Arg to a final density of 0.5 X 106 to 2 x 106 celIs/mL.
Measurement of Phosphatase Activity
Samples to be assayed for phosphatase activity were diluted into a 1-mL final volume in which the final concentrations were 200 mM buffer of the appropriate pH (see below) and 3.6 mM PNPP. The assay mixture was incubated at 37°C for 15 min, and the reaction was stopped by the addition of 100 pL of 4 N NaOH. The A,,, of the reaction mixture was measured. A series of structurally related buffers was used in the reaction mixtures at various pH values: Tris-maleate for pH 5.0 to 7.0, Tris-CI for pH 7.0 to 9.0, and 2-amino-2-methyl-1-propanol for pH 9.0 to 10.5. To determine the activity of whole cultures, a volume of the culture was diluted into the reaction mixture and processed as described above, except that the cells were removed by centrifugation (13,00Og, 1 min) before the absorbance was measured. Enzymatic activity was derived from a standard absorbance curve of p-nitrophenol.
To assay phosphatase activity with different substrates (5'-AMP, 5'-IMP, 3',5'-cyclic AMP, Rib-5-P, m-a-glycerol phosphate, phosphorylcholine, and O-phospho-L-Tyr), samples were diluted into 200 pL of 200 mM buffer (as listed above) and 3.6 mM substrate and incubated for 15 min at 37°C. The Pi released during this incubation was quantitated by the method of Chen et al. (1956) . Briefly, 1 mL of a 3 mM ammonium molybdate, 0.7 N sulfuric acid, 80 mM ascorbic acid solution was added to the reaction mixture and incubated for 20 min at 37°C. The A,,, was measured, and the amount of phosphate was calculated by comparison with a standard curve of sodium phosphate.
Autolysin Treatment
Autolysin was collected from nitrogen-starved CC125 cells as described by Harris (1989) . To remove cell walls, a CC125 culture (106-107 cells mL-l) was diluted 1:2 (v/v) into the autolysin and incubated at room temperature for 60 min. The effectiveness of the autolysin treatment was verified by exposing the cells to 1% Triton X-100 (Sigma) and examining the extent of lysis under a microscope. Essentially, 100% of autolysin-treated cells were lysed by detergent.
Collection and Concentration of Periplasmic Proteins
CC425 cells were deprived of phosphorus for 48 h to achieve maximal induction of the phosphatases. Cells were separated from the medium by centrifugation (5 min, 3000g), and the cell-free medium was collected and saturated to 30% with ammonium sulfate. After 1 h of stirring at 4"C, the precipitate was removed by centrifugation at 10,OOOg for 15 min. The supernatant was decanted and ammonium sulfate added to 80% saturation. After the sample was stirred for 1 h, the precipitate was collected by centrifugation, resuspended in approximately 0.01 volume of 50 mM Tris-CI, pH 8.0, and dialyzed 80,000-fold against 50 mM Tris-CI, pH 8.0. Aliquots were stored at -80°C.
Anion-Exchange Chromatography
Periplasmic proteins present in the concentrated medium, prepared as described above, were fractionated on a Nucleopac PA-100 HPLC anion-exchange column (Dionex, Sunnyvale, CA). A gradient of buffer A (20 miv Tris-C1, pH 8.5) and buffer B (2 M NH,CI and 20 mM Tris-C1, pH 8.5) was established and pumped at a rate of 0.5 mL min-' through the column by a gradient pump (Dionex). of the eluate was monitored by a spectral array detector (Dionex). Fractions (0.5 mL) were collected manually and assayed for phosphatase activity as described above. To determine protein content, fractions were precipitated at 0°C with 160 pg of deoxycholate and 8% TCA, washed with cold 90% acetone, and resuspended by sonication in 100 mM sodium carbonate (Bensadoun and Weinstein, 1976) . The resuspended material was assayed for proteins using the bicinchoninic acid determination method (Pierce). Protein concentrations were derived from a standard curve generated with known amounts of BSA. 
Gel-Filtration Chromatography
Peaks of activity were collected from the anion-exchange column. From each peak 75 FL was injected onto a gel filtration column (Zorbax SE-250, Dionex) connected to the HPLC system described above for the anion-exchange column. The mobile phase was 20 p~ Tris-C1, pH 8.0,250 mM KC1, and 1 mM CaCl,. Protein content was monitored by AZl0 and fractions were assayed for phosphatase activity as described above.
SDS-PAGE
TCA-precipitated protein samples were resuspended in 100 mM sodium carbonate, 100 mM DTT, made to 1% SDS, 8% glycerol, loaded onto 7.5 to 15% polyacrylamide gradient gels, and electrophoresed in a Laemmli buffer system (Laemmli, 1970) . Polypeptides were visualized by silver staining (Porro et al., 1982) . To detect glycosylated proteins, periodic acid-Schiff staining was performed as described by Thornton et al. (1994) .
Nondenaturing PAGE
Fractions from the anion-exchange column were desalted into 20 mM Tris-C1, pH 8.5, using a microcentricon tube (Amicon, Beverly, MA). Glycerol was added to an 8% final concentration prior to electrophoresis through a 6% nondenaturing polyacrylamide gel, pH 9.0. Electrophoresis was at 20 A of constant current for 4 h at 4°C. Following electrophoresis, the gel was rinsed briefly in water and incubated at room temperature in 200 mM Tris-C1, pH 8.5, 200 pg/mL P-napthyl phosphate, and 1 mg/mL red dye (Fast Garnet, Sigma) until red activity bands were visible (approximately 5 min).
(phosphorus starvation conditions), alkaline phosphatase activity was excreted into the medium. Activity accumulated rapidly after a 20-h lag phase and after 48 h reached a maximum, at which time there was a 300-fold increase in the alkaline phosphatase activity relative to that in unstarved cells (Fig. 1) . Phosphate-deprived cells had peaks of phosphatase activity at pH 9.5 and at pH 5.5, but the alkaline activity was 20-to 30-fold higher than the acid activity (data not shown), indicating that the principal inducible phosphatases have pH optima in the alkaline range.
Localization of lnducible Phosphatases
In Chlamydomonas strains with intact cell walls the secreted alkaline phosphatases may be confined within the periplasm and cell wall or released into the medium through the cell wall. To distinguish between these possibilities, we quantitated the alkaline phosphatase activities in the media of CC425 and CC125 (cell wall intact) cultures and in cultures of CC125 cells following treatment with the cell-wall-digesting enzyme, autolysin (Table I). The autolysin preparation used for these studies contained negligible phosphatase activity (data not shown). Phosphate-deprived CC125 cells induced a high leve1 of alkaline phosphatase activity, with 21% released through the cell wall into the medium. The remaining activity adhered to the cells after centrifugation. By contrast, 83% of the alkaline phosphatase activity from Bands of activity were excised from the nondenaturing gel and soaked in Laemmli gel running buffer for 30 to 60 min (Laemmli, 1970 ). The gel pieces were then placed in an electroelution apparatus (Schleicher & Schuell) and eluted for 12 h at 4°C and 100 V in Laemmli running buffer (Laemmli, 1970) . Eluted proteins were made to 100 mM DTT, 1% SDS, and 8% glycerol before resolution by SDS-PAGE.
Enzyme Kinetics
The K, and V,,, for the different phosphatases with different substrates were calculated from double-reciproca1 plots. Linear regressions were performed with six to eight data points at a variety of substrate concentrations.
RESULTS lnduction of Extracellular Phosphatase Activity
Cultures of the cell-wall-deficient Chlamydomonas strain CC425 exhibited very low phosphatase activity at a11 pH values when grown photoheterotrophically on TAP con-
Hours of Starvation Figure 1 . lnduction of alkaline phosphatase activity in response to phosphorus starvation. CC425 cells were grown to mid-logarithmic phase in TAP, pelleted by centrifugation, washed in TA, and split into halves. One-half was resuspended in fresh TAP and the other half was resuspended in TA. Samples were taken at specified times after the resuspension and assayed for phosphatase activity at pH 8.5 using PNPP as a substrate. lnduction was calculated as a ratio of activity from starved cells to activity from unstarved cells. Error bars taining 1 mM phosphate. When cells were transferred to TA are SE ( n = 4-6).
www.plantphysiol.org on October 15, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. a CC425 lacks a cell wall (cw13, whereas CC125 has an intact cell wall. Cells of both types were grown in TAP to mid-logarithmic phase, transferred to TA, and harvested for assays after 48 h. bAssays were performed on whole cultures, pelleted cells, or culture medium. The cells were separated from the medium by a brief centrifugation. The supernatant (medium only) was removed and assayed, and the pellet (cells only) was resuspended in an equal volume of fresh TA and assayed.
'Activity values are means ? SD (n = 3) in units of nmol PNPP cleaved min-' 10-6 cells. Numbers in parentheses represent the percentages of activity relative to the activity of the whole culture.
The activity remaining after inhibitor treatment is expressed as a percentage of that obtained from the same material prior to addition of the inhibitor. Final inhibitor concentrations were 2.5 mM EGTA and 1 mM ZnCI,.
CC425 cells was recovered in the medium after the cells were removed by centrifugation. Autolysin-treated CC125 cultures had essentially the same total phosphatase activity as untreated cells (19.03 and 19.85 nmol PNPP cleaved min-' 1 O P 6 cells, respectively), but the percentage of activity adhering to the cells after centrifugation changed dramatically. The medium of autolysintreated CC125 cells contained 93% of the alkaline phosphatase activity, and only 4% of the total remained with the cells. These data indicate that in wild-type cells the majority of the inducible alkaline phosphatase activity is either bound within the cell wall itself or retained in the periplasm.
Concentration and Fractionation of Periplasmic Proteins
As a first step in analyzing and purifying the periplasmic phosphatases, we collected the medium from CC425 cultures 48 h after the cells were transferred to TA. As shown in Table I , 83% of the phosphatase activity was recovered in the cell-free medium. Previous results demonstrated that extracellular proteins prepared from CC425 cultures have almost no contamination with intracellular proteins (Coleman et al., 1984) . The cell-free medium was fractionated by ammonium sulfate precipitation, and between 80 and 90% of the activity was recovered in the protein fraction precipitated by 30 to 80% saturated ammonium sulfate.
The 30 to 80% ammonium sulfate precipitate was resuspended, dialyzed, and further fractionated on an anionexchange column. Fractions eluted from the anionexchange column (Fig. 2) were analyzed for protein concentration ( Fig. 2A) , PNPPase activity (Fig. 2B ) and 5' nucleotidase activity using 5'-IMP as a substrate (Fig. 2C) . The enzyme assays were done at pH 8.5. Four peaks of PNPPase activity were detected, eluting at O (peak I), 200 (peak 2), 380 (peak 3), and 400 (peak 4) mM salt concentrations. Peaks 3 and 4 together accounted for 80 to 90% of the total activity recovered. The combined protein in these two fractions was approximately 15% of the protein recovered from the column. Only peaks 3 and 4 showed significant 5' nucleotidase activity.
Extracellular proteins from cells grown in phosphatereplete medium were prepared and fractionated in the same manner. Although each peak of activity observed in the culture medium of cells grown in the absence of phosphorus was detectable in the medium of cells maintained in phosphorus-replete conditions, the activities from the latter were less than 1% of the former (data not shown). Thus, each phosphatase activity is present in extremely low amounts during growth of Chlamydomonas in phosphorusreplete medium.
The proteins in each of the active fractions were resolved by SDS-PAGE. Many proteins were present in peaks 1 and 2 (Fig. 3A, lanes 1 and 2) . Peaks 3 and 4 contained primarily a single polypeptide with an apparent molecular mass of approximately 190 kD (Fig. 3A, lanes 3 and 4) . This protein had the same electrophoretic mobility as the most prominent polypeptide that was induced after the cells were transferred to phosphorus-deficient medium (compare +P and -P lanes with lanes 3 and 4 in Fig. 3) .
When the proteins from the 30 to 80% ammonium sulfate precipitate were electrophoresed in a nondenaturing polyacrylamide gel and stained for activity, three bands were detected (Fig. 3B , -P lane). These three bands were also present in the fractions that were eluted from the anionexchange column. The middle band was recovered in peak 2, the fastest migrating band was found in both peaks 3 and 4, and the slowest migrating band was found in peak 4. The activity in peak 1 was not observed on nondenaturing gels. This is not surprising because it did not bind to the anionexchange column at pH 8.5, implying that this phosphatase is neutra1 or positively charged at pH 8.5. Thesefore, the activity would not migrate into the gel at a pH of less than 8.5. We focused on the activities in fractions 3 and 4 because they accounted for a large majority of the inducible alkaline phosphatase activity. To identify the proteins in these fractions that were responsible for the activities observed on a nondenaturing gel, the active bands were excised from the gel, and the proteins from each band were electroeluted and resolved by SDS-PAGE (Fig. 3A, lanes 3a^4b) . A single 190-kD polypeptide was recovered from both the rapidly (lanes 3a and 4a) and slowly (lane 4b) migrating activity bands from fractions 3 and 4. Periodic acid-Schiff staining demonstrated that this protein was glycosylated (data not shown). Therefore, a 190-kD glycoprotein represented the major phosphate starvation-inducible phosphatase in Chlamydomonas.
The tendency of the 190-kD polypeptide to elute from the anion-exchange column in two peaks can be explained in Figure 3 . Analysis of the inducible phosphatases by denaturing and nondenaturing PAGE. A, Extracellular proteins from phosphorusreplete and -starved cells are designated +P and -P, respectively. Lanes 1, 2, 3, and 4 show the proteins present in peaks 1, 2, 3, and 4, respectively, from the anion-exchange column (Fig. 2) . Lanes 3a, 4a, and 4b represent the proteins electroeluted from the activity bands resolved from peaks 3 and 4 by nondenaturing PACE (Fig. 3B) . Lane 3a is the rapidly migrating band from peak 3, lane 4a is the rapidly migrating band from peak 4, and lane 4b is the slowly migrating band from peak 4. Proteins were separated by SDS-PAGE (7.5-15% polyacrylamide gradient) and detected by silver staining. Positions of molecular weight standards on each of the gels are indicated. B, Lanes marked +Pand -Pare the secreted proteins from unstarved ( + P) and phosphate-starved (-P) CC425 cells. Lanes 1, 2, 3, and 4 are the proteins from each of the activity peaks resolved by anion-exchange chromatography (Fig. 2B, peaks 1, 2, 3, and 4 , respectively). Proteins were resolved by nondenaturing PAGE (7% gel). After electrophoresis, active phosphatases were detected by an activity stain (see "Materials and Methods").
www.plantphysiol.org on October 15, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 1 1 1, 1996 it unlikely that they were composed of two different polypeptides. These results are also suggestive of a selfaggregation process driven by the concentration of the 190-kD polypeptide. On a nondenaturing gel, a large portion of the 190-kD protein in fraction 4 did not enter the gel. Since the protein eluted from the column in 400 mM salt and thus clearly carried a negative charge, the most likely explanation is that the protein self-aggregated into a larger particle and migrated very slowly into the gel. Furthermore, the kinetic properties of the phosphatase from peaks 3 and 4 using PNPP as a substrate were not significantly different (Table 11) .
To demonstrate that proteins in activity peaks 3 and 4 do exist in different aggregation states, material from each peak was collected and applied to a gel-filtration column. Activity and protein in peak 3 behaved as an approximately 400-kD complex, suggesting that the 190-kD protein in this fraction exists as a dimer. Activity and protein from peak 4 behaved as a very large complex of at least 1000 kD (data not shown).
Taken together, these data strongly suggest that there was a single 190-kD polypeptide that tended to selfaggregate into dimers and much larger multimers in a manner that did not significantly interfere with the phosphatase activity. When large amounts of protein were loaded onto the anion-exchange column, the majority of the phosphatase activity eluted in peak 4. This material was used for the remaining characterizations.
Characterization of the Major lnducible Phosphatase
Phosphatases are routinely categorized by the pH required for optimal activity. The 190-kD enzyme showed a sharp maximum activity at pH 9.5, with only 15% of the optimal activity at pH 7 (Fig. 4) .
Approximately 90% of inducible extracellular phosphatase activity could be inhibited by treatment with the divalent cation chelators EGTA (Table I) or EDTA (data not shown). To determine whether divalent cations were required for the activity of the 190-kD enzyme, we treated the enzyme with EGTA, which resulted in complete inactivation (Fig. 5 ) . Attempts to reconstitute enzyme activity with a variety of metals (Ca2+, Co2+, Cu2+, Mg2+, Mn2+, and Zn2+) were only successful with Ca2+. Calcium addition permitted almost complete reactivation of EGTAinactivated 190-kD enzyme (Fig. 5) . The purified enzyme, not treated with EGTA, was also slightly activated by Ca2+ treatment (Fig. 5) . with respect to the substrate, Zn2+ was a potent noncompetitive inhibitor of the enzyme, with a K, of 4 FM in the absence of added Ca2+. However, in the presence of 1 mM Ca2+, the Ki of Zn2+ increased to 169 /.LM (Table 11) . This implies that Zn2+ may compete with Ca2+ for the calcium-binding site on the enzyme, but may be unable to perform the essential role of Ca2+ in hydrolysis of the phosphate ester bond. Alternatively, Zn2+ may bind elsewhere and simply be competed off by Ca2+. Co2+, Mg2+, and Mn2+ are a11 weak inhibitors of the enzyme and are also antagonized by added Ca2+, suggesting that they work in a manner similar to Zn2+ but with less effect. Cu2+ had no effect on the enzyme even at a concentration of 5 mM. A11 of the metals used were in the form of chloride salts, and chloride ions have no effect on the phosphatase activity up to a concentration of 500 mM.
As with most alkaline phosphatases, the 190-kD enzyme was inhibited by Pi. Phosphate was a competitive inhibitor with a Ki of 123 /.LM in the absence of added Caz+ ( It was not possible to determine the Ki in the presence of added Ca2+ because the rapid formation of insoluble calcium phosphate altered the actual concentration of phosphate in the reaction. The 190-kD enzyme has a broad substrate specificity (Table 11 ). The best substrate as judged by the ratio of V,,,/K, is PNPP. The best nonsynthetic substrate was DL-a-glycerol phosphate. Phytic acid was the only potential phosphatase substrate with which the enzyme had a markedly lower catalytic capability. Because phytic acid, after partia1 dephosphorylation, would contain nonequivalent phosphate ester bonds that might react with the enzyme to differing degrees, we did not calculate a K, , but the maximum velocity obtained with 17 mM phytic acid was still markedly lower than that obtained with other substrates. The phosphatase cannot hydrolyze the phosphodiester in 3',5'-cyclic AMP. Often, different substrates will have different pH optima for activity, but in this case, each of the substrates was cleaved optimally at approximately pH 9.5 (data not shown).
Characterization of the Minor lnducible Phosphatase
Activity peak 2 from the anion-exchange column contained approximately 10% of the alkaline phosphatase activity recovered from the column. This minor phosphatase (henceforth termed the "peak 2 phosphatase") was active over a broad range of pH values, peaking at pH 9 (Fig. 4) . It was inhibited by Zn2+ ions (Ki = 403 p~; Table 111 ) and phosphate (Ki = 170 p~) but was not affected by millimolar amounts of EDTA or EGTA (data not shown). Therefore, it either had an extremely high affinity for bound divalent cations or, more likely, it had no requirement for divalent cations. The enzyme was far more active with arylphosphates (PNPP and phosphotyrosine; Table 111 ) than with other organic phosphates. It had no significant phosphodiesterase activity. Because this enzyme was not highly purified, V,,, values are reported only for the purpose of comparing the activity of the enzyme with different substrates. To determine whether this minor inducible phosphatase was also present in the periplasmic space, and to establish what proportion of the activity was due to this enzyme in cells prior to fractionation, we performed each of the assays shown in Table I in the presence of the inhibitors EGTA or Zn2+. The vast majority of the activity was EGTA sensitive, and another 2 to 5% was inhibited by Zn2+ (Table I) . Based on the characterization of the fractionated enzymes, the portion of the activity sensitive to Zn2+ but not to EGTA represented activity due to the phosphatase in peak 2. The value of 2 to 5% was slightly lower than the 10% observed after anion-exchange fractionation, but this difference could have resulted from the different treatments of the proteins in each case. These findings suggest that much of the phosphatase in peak 2 was normally present within the cell wall or the periplasmic space and was released into the medium by digestion of the cell wall.
After anion-exchange chromatography, the peak 2 phosphatase could be further purified by hydroxylapatite chromatography from which it eluted as a broad activity peak. SDS-PAGE of the proteins in the activity peak revealed three polypeptides with apparent molecular masses of approximately 50, 60, and 70 kD (data not shown). Attempts to purify the protein by excising the active band from nondenaturing gels also revealed a 70-kD protein and severa1 bands of 50 to 60 kD (data not shown). It seems likely that the peak 2 phosphatase contained a 70-kD subunit, although this needs to be more firmly established.
Activity in peak 1 contained about 3% of the total phosphatase activity recovered from the anion-exchange column and assayed at pH 8.5. The pH dependence of the activity was complex, showing local maxima of activity at alkaline, neutral, and acid pHs (data not shown). We conclude that this peak probably consisted of very low amounts of at least three different phosphatases. The level of acid phosphatase activity was consistent with that observed in the unfractionated, unconcentrated medium (discussed above). Because of the very low level of activity of each phosphatase in this fraction, it was not possible to establish whether the activities of peak 1 were truly extracellular or if they represented minor contaminants of interna1 phosphatases released from a small number of cells that were broken during centrifugation of the cultures. The presence of one low-leve1 acid phosphatase that is secreted from the cell would be consistent with previous reports (Matagne et al., 1976; Patni et al., 1977) .
DI SCUSSION
In this study we have characterized the phosphate starvation-inducible phosphatases produced by the soildwelling green alga Chlamydomonas. Previous studies of the phosphatases of Chlamydomonas have used whole-cell extracts, making it difficult to distinguish extracellular and intracellular phosphatases. We have avoided this problem by using the cell-wall-deficient strain CC425, which enabled us to readily collect and analyze proteins normally localized to the periplasm or cell wall without breaking the cells. This approach has been successfully used to isolate other periplasmic proteins such as carbonic anhydrase and arylsulfatase (Coleman et al., 1984; de Hostos et al., 1988) .
Little phosphatase activity was detected in the medium of either starved or unstarved CC425 cells at a pH of <7, although there is a slight increase in the amount of activity below pH 5.5, possibly indicating the presence of a small amount of acid phosphatase. A 300-fold induction of secreted phosphatase activity was observed at pH 8.5. This activity is mostly accounted for by the induction of two distinct alkaline phosphatases. The major inducible phosphatase (85-95% of the phosphatase activity at pH 8.5) is composed of a 190-kD glycoprotein that has optimal activity at pH 9.5, requires Ca2+ ions for activity, and has a 100 to 200 PM affinity for a variety of naturally occurring organic phosphates. Another inducible phosphatase accounts for 2 to 10% of activity, has a pH optimum of 9.0, does not require divalent cations, and shows a strong preference for arylphosphate substrates. Both of these enzymes are either located in the periplasm or bound to the cell wall in wild-type cells. Very low levels of acid, neutral, and alkaline phosphatases were detected in the flow through of the anion-exchange column. Since these activities are present in such low amounts, it is possible that they represent contamination from intracellular proteins.
The Unusual Nature of the lnducible Phosphatases
The major phosphate starvation-inducible phosphatase of Cklamydomonas is unusual both in its molecular mass and in its requirement for Caz+ ions. The major alkaline phosphatase from E. coli has a subunit molecular mass of 80 kD and requires Zn2+ ions for activity. It can be further stimulated with Mg2+ ions (Torriani, 1960; Rothman and Byrne, 1963) . Most other alkaline phosphatases have subunit molecular masses ranging from 50 to 90 kD and require Zn2+ or Mg2+ ions (Vincent et al., 1992) . A few unusual phosphatases have been isolated that share some of the distinct properties of the 190-kD Chlamydomonas enzyme. A phosphate starvation-inducible phosphatase with an apparent subunit molecular mass of 160 kD was purified from the halophilic archaebacterium Haloarcula marismortui (Goldman et al., 1990) . This enzyme requires Ca2+ for activity, has a pH optimum of 8.5, and selfaggregates into a range of multimeric forms. The similarity to the Chlamydomonas enzyme is striking, except that the H. marismortui enzyme requires very high (4 M) salt for optimal activity. The cyanobacterium Anacystis nidulans (Synechococcus sp. strain PCC 7942) produces a periplasmic phosphatase with a 145-kD subunit molecular mass in response to phosphate deprivation (Block and Grossman, 1988; Ray et al., 1991) . This enzyme is inhibited by Zn", requires Mg, and has a pH optimum of 9.0 (Block and Grossman, 1988) . The gene encoding this protein has been sequenced, revealing a domain with similarity to the E. coli UshA protein, a periplasmic 5' nucleotidase that catalyzes the remova1 of the 5' phosphoryl group from UDP-Glc (Ray et al., 1991) . The similarities among these enzymes suggest that they may comprise an evolutionarily distinct family of phosphatases.
Physiological Considerations
Organic phosphates can represent more than 50% of the extractable phosphate in soils (Halstead and McKercher, 1975) . Turnover (including both mineralization and fixation) of these organic phosphates is mediated in large part by the action of bacteria, fungi, algae, and plants. It is generally thought that phosphatases are critica1 for mineralization (Halstead and McKercher, 1975) . The ability of a soil organism to access organic phosphate reservoirs in the soil may depend on the substrate specificities of the phosphatases that it synthesizes and the activity of phosphatases from neighboring organisms. Although many plants and soil-dwelling algae have been shown to secrete phosphatases in response to phosphate deprivation, little is known about these enzymes. Phosphate starvationinducible phosphatases that have been isolated from plant organs or cell suspensions are probably not involved in the utilization of soil organic phosphates because they are not localized to the surface of the root (Duff et al., 1994) . One phosphatase that has been isolated from the rhizosphere of lupin appears to be secreted from the roots and may have a role in hydrolyzing organic phosphates in the soil. This enzyme is a dimer of 72-kD subunits with an acid pH optimum (Tadano et al., 1993) .
By studying the substrate specificity of the extracellular phosphatases produced by an organism, one should be able to determine the types of organic phosphates that the organism can utilize and the way in which the differential use of organic phosphates might affect soil composition. Phytic acid is considered the most abundant organic phos- phate in soils (Halstead and McKercher, 1975) , but AMP and phosphorylcholine are also common, probably as a result of of nucleic acid and lipid degradation (Anderson, 1967; Tate and Newman, 1982) . Sugar phosphates and glycerol phosphates are present in lower concentrations (Halstead and McKercher, 1975; Adams and Byrne, 1989) , but it should be noted that the relative abundance of these compounds in soils at any particular time does not necessarily reflect the flux of these compounds into and out of the soil. The turnover rate for each type of organic phosphate in soil is not known.
We examined the kinetic parameters of both the 190-kD phosphatase and the peak 2 phosphatase with respect to these common soil organic phosphates. The 190-kD phosphatase of Chlamydomonas has a K , of 120 to 156 p~ for a11 of the phosphate monoesters tested except for phosphorylcholine and phytic acid. The K , for phosphorylcholine was 262 p~ and that for phytic acid was not determined, but the overall efficiency with which phosphate was released from phytic acid was about 50-fold lower than for any of the other substrates. The calculated K,,, values are a11 within the range observed for other supposed "scavenger phosphatases," indicating that the 190-kD phosphatase may be involved in the acquisition of phosphate from soil organic phosphates. Based on these data, Chlamydomonas appears to deplete some pools of organic phosphate, such as nucleotide phosphates and sugar phosphates, more rapidly than other pools, such as phytic acid. It is interesting that, despite the low V,,, of both of the inducible phosphatases with phytic acid, Chlamydomonas is able to grow in medium in which phytic acid is the only source of phosphate (K. Shimogawara and A.R. Grossman, unpublished results). This indicates either the presence of a highly specific phytase undetected in this study or that low rates of phytic acid hydrolysis provide sufficient phosphate for growth. The alkaline phosphatase from peak 2 has low activity with most substrates tested, except for those in which the phosphate is esterified to an aromatic ring (PNPP and phosphotyrosine). The physiological role of this enzyme is unclear.
The pH 9.5 optimum of the 190-kD phosphatase is far higher than is typical of the soils of well-watered temperate regions from which C. reinhardtii has been isolated (Rowell, 1988; Harris, 1989) . This phosphatase would be well suited to calcareous soil where calcium is abundant, inorganic phosphorus is quite insoluble, and a pH of 8.0 is not unusual (Rowell, 1988) , but there are no reports of Chlamydomonas actually living in such an environment. In fact, little is known about the soil habitats of Chlamydomonas. Wang et al. (1975) reported very poor growth in culture below pH 6.5, and it is generally thought that growth is best between pH 6.5 and 8.0 (Harris, 1989) . Thus, Chlamydomonas may prefer alkaline environments, which would help to explain why the phosphatases described here and other periplasmic enzymes such as the arylsulfatase a11 have highly alkaline pH optima (de Hostos et al., 1988) . We also cannot rule out the possibility that the periplasm is somehow more alkaline than the medium surrounding the cell, but, considering the ease with which small molecules diffuse through the cell wall, this seems highly unlikely.
A Synthesis of Previous Literature
Severa1 studies have been published concerning the phosphatases of Chlamydomonas, but the results of these studies differ somewhat from each other and from results presented here. The following is an attempt to reconcile some of these differences. Our results and a11 previous results are consistent with the presence of a single, lowleve1 extracellular acid phosphatase, which is induced by phosphate deprivation (Lien and Knutsen, 1972; Loppes and Matagne, 1973; Loppes, 1976; Patni et al., 1977) . It is also clear that during phosphate deprivation, alkaline phosphatase activity is increased. Based on nondenaturing gels, Patni et al. (1977) argued that there is a single extracellular alkaline phosphatase. In contrast, Matagne et al. (1976) observed two activity bands on nondenaturing gels at alkaline pH, both with a pH optimum of 9.5. The two activity bands observed by Matagne and coworkers appear to correspond to the two bands that we observed on nondenaturing gels as a result of the different aggregation states of the single 190-kD phosphatase. None of these reports contain any information about inhibitors or substrate preferences of the phosphatases; therefore, it is difficult to determine whether the peak 2 phosphatase was previously detected. Finally, in two studies, the major phosphate starvation-inducible phosphatase is reported to have a pH optimum of 7.0 to 7.5 (Lien and Knutsen, 1972; Matagne et al., 1976) . Attempts to localize this enzyme suggested that it is present both in the vacuole and at the cell surface (Loppes, 1976; Matagne et al., 1976) . We observed that only a very small percentage (<I%) of the induced extracellular phosphatase activity had a neutral pH optimum, but these cells were grown photoheterotrophically, whereas those in previous studies were grown photoautotrophically. Hence, either the neutral phosphatase is regulated both by phosphate and the carbon source, and therefore was not induced in our growth conditions, or differences in the types of phosphatases observed reflect differences between the laboratory strains of Chlamydomonas.
To understand the effects of phosphatases on the phosphorus nutrition of terrestrial, photosynthetic organisms, it will be necessary to know what types of organic phosphates are present in different soils and how efficiently these compounds are hydrolyzed by different phosphatases. By characterizing the activities of the major extracellular phosphatases of Chlamydomonas, we have created a picture of the respective rates at which this alga will metabolize the organic phosphates surrounding it in the soil. It remains to be seen whether Chlamydomonas produces other more specific enzymes such as phytases that further broaden the spectrum of metabolizable organic phosphates.
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